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Abstract Magnetic nanoparticles have found broad applications in medicine, especially
for cell targeting and transport, and as contrast agents in MRI. Our samples of ε-Fe2O3
nanoparticles were prepared by annealing in silica matrix, which was leached off and the
bare particles were then coated with amorphous silica layers of various thicknesses. The
distribution of particle sizes was determined from the TEM pictures giving the average size
∼20 nm and the thickness of silica coating ∼5; 8; 12; 19 nm. The particles were further
characterized by the XRPD and DC magnetic measurements. The nanoparticles consisted
mainly of ε-Fe2O3 with admixtures of ∼1 % of the α phase and less than 1 % of the γ phase.
The hysteresis loops displayed coercivities of ∼2 T at room temperature. The parameters
of hyperfine interactions were derived from transmission Mössbauer spectra. Observed dif-
ferences of hyperfine fields for nanoparticles in the matrix and the bare ones are ascribed to
strains produced during cooling of the composite. This interpretation is supported by slight
changes of their lattice parameters and increase of the elementary cell volume deduced
from XRD. The temperature dependence of the magnetization indicated a two-step mag-
netic transition of the ε-Fe2O3 nanoparticles spread between ∼85 K and ∼150 K, which
is slightly modified by remanent tensile stresses in the case of nanoparticles in the matrix.
The subsequent coating of the bare particles by silica produced no further change in hyper-
fine parameters, which indicates that this procedure does not modify magnetic properties of
nanoparticles.
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1 Introduction

Magnetic nanoparticles (MNs) have attracted due attention for their extraordinary properties
so different from the bulk material, which enable their plentiful technological applications.
Over last decades, MNs have come into broad use in biomedicine, for both in vivo (contrast
agents in magnetic resonance imaging – MRI, hyperthermia, targeted drug delivery and
tissue repair etc.) and in vitro (cell separation) applications [1]. Crucial qualities of MNs for
medical utilization are a well-controlled size of MNs along with a narrow size distribution,
high effectivity and most importantly, low toxicity. To avoid agglomeration and prevent the
release of toxic ions, improving thus the MNs tolerance in the living organism, the MNs
are often coated with inert materials, e.g. amorphous silica (SiO2), gold layer or organic
polymers (polyethylene glycol, PEG) [2, 3]. Among MNs, the superparamagnetic iron oxide
nanoparticles have aroused considerable interest due to their good chemical stability and
high biocompatibility [4].

Nanosized ε-Fe2O3 represents a remarkable phase of ferric oxide, differing from com-
monly known α-Fe2O3 and γ -Fe2O3 by e.g. high magnetocrystalline anisotropy resulting
in giant coercive field of 2 T [5] at room temperature and high blocking temperature of
ferrimagnetic nanoparticles. It is considered to be a metastable phase of ferric oxide with
scarce natural abundance and may be prepared only in nanosized form or as a thin film [6].
The crystal structure of ε-Fe2O3 is orthorhombic with space group Pna21 [7], lattice para-
meters a = 5.1019(3) Å, b = 8.7807(6) Å, c = 9.4661(5) Å [8] and eight formula units per
unit cell. Four non-equivalent cation positions are octahedrally (FeDO1, FeDO2, FeRO) and
tetrahedrally (FeT) coordinated, four sublattice magnetizations are (anti)parallel to a-axis
[9]. ε-Fe2O3 exhibits a magnetic transition from the paramagnetic to the ferrimagnetic state
at the Curie temperature of ∼ 490 K [7] and another two-step spin reorientation transition
in the temperature range 100-153 K [10]. For a comprehensive review on this material see
Tuček et al. [11].

In this work, X-Ray Powder Diffraction (XRPD), Transmission Electron Microscopy
(TEM), DC magnetic measurements and 57Fe Transmission Mössbauer Spectroscopy (MS)
were employed in a study of ε-Fe2O3 nanoparticles coated with amorphous silica layer
with respect to the potential use of this promising material in MRI. We focused on the
influence of the thickness of silica coating on hyperfine parameters of 57Fe nuclei in
ε-Fe2O3 nanoparticles.

2 Sample preparation

Due to its metastability, the synthesis of pure ε-Fe2O3 without admixtures of other phases
of ferric oxide is difficult. Lately, the strategy of preparation of nanocrystalline ε-Fe2O3
employing a supporting silica matrix with well-defined pores has been widely accepted as
the most convenient method, improving the phase composition of the nanoparticles [10].
The preparation of ε-Fe2O3 individual silica coated nanoparticles consisted of the following
steps [12]:

1. preparation of mesoporous amorphous SiO2 template with pores ∼5 nm
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2. impregnation of this template by aqueous solution of iron(III) nitrate nonahydrate
Fe(NO3)3·9 H2O

3. annealing at temperatures of about 1320 K
4. leaching off the silica matrix by NaOH after the crystallization of nanoparticles
5. coating the particles by amorphous silica in TEOS (tetraethyl-orthosilicate) solution

(adjusted from [13]).

The last step of the preparation is introduced in order to reduce their toxicity and
degradability in living organisms.

Six types of ε-Fe2O3 samples were used for further study: nanoparticles in the silica
matrix (labelled ε-Fe2O3 m), bare (ε-Fe2O3 0) and covered with silica coating of various
thicknesses (four samples ε-Fe2O3 5nm, ε-Fe2O3 8nm, ε-Fe2O3 12nm and ε-Fe2O3 19nm
numbered according to the thickness of the silica coating obtained from TEM images as
indicated below).

3 Experimental

XRPD of the samples was accomplished with PANalytical XPertPRO MPD diffractometer
with the Cu Kα radiation in the 2θ range 10◦-95◦ in Bragg-Brentano reflex geometry. The
data analysis was carried out using the WinPLOTR software [14]. The evaluation of phase
composition was based on structural models of ε-Fe2O3 [15], α-Fe2O3 [16] and γ -Fe2O3
[12]. The apparent crystallite size was obtained from the analysis of diffraction profiles
using the pseudo-Voight profile shapes.

TEM was carried out with Phillips CM120 microscope using the acceleration voltage
120 kV. Bright field images of nanoparticles deposited on a carbon film were analysed to
acquire the distribution of particle sizes and the thickness of silica coating (if present).

Hysteresis loops up to 5 T were obtained at 300 K using the SQUID magnetometer
MPMS XL-7 by Quantum Design (QD). The temperature dependence of magnetization
after cooling in zero (ZFC) and non-zero (FC) external magnetic field was measured in the
SQUID magnetometer by QD.

Transmission Mössbauer spectra were acquired with a 57Co/Rh source with constant
acceleration in zero external magnetic field, calibration of velocities and isomer shifts
was related to α-Fe at room temperature of 296 K. Spectra were analysed using CONFIT
software [17].

4 Results and discussion

Figure 1 shows XRPD patterns of bare and coated nanoparticles. XRPD proved ε-Fe2O3
to be the major phase in the samples with 98(1) % occurrence, followed by 1.5(5) % of α-
Fe2O3 and less than 1 % of γ -Fe2O3. The lattice parameters of ε-Fe2O3 of all samples are
shown in Table 1, along with the mean coherent diffraction domain size. In samples with
silica coating, there is a noticeable broad peak of SiO2 in the range of 2θ approximately
20◦-36◦, which was included in the background. Presently the signal of ε-Fe2O3 decreased
with the rising content of silica, resulting in higher inaccuracy in determination of lattice
parameters of the particles. In comparison to the bare nanoparticles, nanoparticles in silica
matrix evinced slight changes of the lattice parameters and an increase of the elementary
cell volume (see Table 1).
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Fig. 1 X-ray powder diffraction pattern of the bare and coated nanoparticles. Positions of diffraction maxima
of considered polymorphs are marked by vertical bars under the diffractograms. The amorphous peak of
silica present in the coating is indicated by an arrow

Table 1 An overview of examined samples with results obtained from XRPD and TEM analysis: t – indi-
cated types of samples are m - in matrix, b - bare, c - coated with silica; a, b, c - lattice parameters of
ε-Fe2O3, V - volume of elementary cell as calculated from lattice parameters, CDDS - mean coherent diffrac-
tion domain size, d0 - median of a characteristic particle diameter, PDI - polydispersity index, l0 - thickness
of silica coating (if present), σl – specific magnetization in 5 T

sample t a [Å] b [Å] c [Å] V [Å3] CDDS [nm] d0 [nm] PDI l0 [nm] σl [emu/g]

ε-Fe2O3 m m 5.096(3) 8.810(9) 9.469(8) 425.1(6) 18(1) 22 0.7 - -

ε-Fe2O3 0 b 5.0906(3) 8.7871(8) 9.4765(6) 423.90(5) 18(1) 18 0.8 0 16.37

ε-Fe2O3 5nm c 5.0900(3) 8.7853(7) 9.4767(6) 423.77(5) 20(1) 23 0.7 4.6(9) 10.76

ε-Fe2O3 8nm c 5.0894(4) 8.7852(9) 9.4761(7) 423.69(6) 19(1) 21 0.9 8(1) 6.38

ε-Fe2O3 12nm c 5.0882(6) 8.783(1) 9.473(1) 423.35(8) 19(1) 18 0.8 12(1) 4.15

ε-Fe2O3 19nm c 5.0895(7) 8.784(2) 9.476(1) 423.6(1) 20(1) 20 0.8 19(1) 2.17

An overview of TEM bright field images of the samples is given in Fig. 2. The distri-
bution of particle sizes acquired by analysis of TEM images was fitted by the lognormal
distribution, which is well justified for particles growing in the presence of significant drift
and/or diffusion [18]:

P(d) = 1√
2πσd

e
−

ln2
(

d
d0

)

2σ2 , (1)

the dispersion of the particles is characterised by the polydispersity index:

PDI =
√〈d2〉 − 〈d〉2

〈d〉 =
√

eσ 2 − 1, (2)
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Fig. 2 Representative TEM bright field images of the ε-Fe2O3 nanoparticles (a) in silica matrix, (b) bare
and (c)–(f) coated with silica layer of various thicknesses. A typical particle histogram (here for the sample
of bare nanoparticles ε-Fe2O3 0) fitted by log-normal distribution (1) is shown in (g)

Fig. 3 Hysteresis loops of bare and coated nanoparticles measured at 300 K. The coercive field of 2 T is
highlighted; the differences in specific magnetization of the samples reflect the various content of silica

while normal distribution was used to fit the thickness of the silica coating:

P(l) = 1√
2πσ

e
− (l−l0)

2

2σ2 . (3)

The histogram of the distribution of particles in the sample ε-Fe2O3 0 was chosen as a
representative of all samples and is given in Fig. 2.
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Table 2 Hyperfine parameters of ε-Fe2O3 for non-equivalent cation positions of 57Fe in the core and in the
shell determined for all samples from the Transmission Mössbauer Spectroscopy

Cation positions in the core Cation positions in the shell

sample FeDO1 FeDO2 FeRO FeT FeDO1 FeDO2 FeRO FeT

IS [mm.s-1] ε-Fe2O3 m 0.41(4) 0.38(3) 0.40(2) 0.23(3) 0.41(4) 0.38(3) 0.40(2) 0.23(3)

ε-Fe2O3 0 0.41(3) 0.36(3) 0.39(2) 0.23(2) 0.41(3) 0.36(3) 0.39(2) 0.23(2)

ε-Fe2O3 5nm 0.41(3) 0.36(3) 0.39(2) 0.22(2) 0.41(3) 0.36(3) 0.39(2) 0.22(2)

ε-Fe2O3 8nm 0.39(3) 0.37(3) 0.39(2) 0.23(2) 0.37(3) 0.39(3) 0.39(2) 0.23(2)

ε-Fe2O3 12nm 0.41(3) 0.36(3) 0.39(2) 0.23(2) 0.41(3) 0.36(3) 0.39(2) 0.23(2)

ε-Fe2O3 19 0.41(3) 0.37(3) 0.40(2) 0.24(2) 0.41(3) 0.37(3) 0.40(2) 0.24(2)

QS [mm.s-1] ε-Fe2O3 m −0.19(7) −0.30(7) −0.01(3) −0.16(3) 0 0 0 0

ε-Fe2O3 0 −0.17(4) −0.31(4) 0.01(3) −0.14(3) 0 0 0 0

ε-Fe2O3 5nm −0.16(4) −0.31(4) 0.01(3) −0.15(3) 0 0 0 0

ε-Fe2O3 8nm −0.15(3) −0.33(4) 0.02(3) −0.14(3) 0 0 0 0

ε-Fe2O3 12nm −0.17(4) −0.30(4) 0.01(3) −0.16(3) 0 0 0 0

ε-Fe2O3 19nm −0.16(3) −0.31(3) 0.02(3) −0.15(3) 0 0 0 0

Bhf [ T ] ε-Fe2O3 m 45.1(4) 44.6(4) 39.4(2) 26.0(2) 42.4(6) 33.8(4) 37.1(5) 20.6(5)

ε-Fe2O3 0 45.2(2) 44.8(2) 39.7(2) 26.6(2) 42.6(4) 35.9(4) 38.7(4) 23.1(4)

ε-Fe2O3 5nm 45.2(2) 44.9(2) 39.8(2) 26.6(2) 42.0(4) 35.4(4) 38.1(4) 23.0(4)

ε-Fe2O3 8nm 45.3(3) 44.9(3) 39.8(2) 26.6(2) 41.6(4) 34.8(5) 37.8(4) 22.9(4)

ε-Fe2O3 12nm 45.3(2) 45.0(2) 39.7(2) 26.6(2) 41.4(4) 34.4(4) 37.5(4) 23.1(4)

ε-Fe2O3 19nm 45.2(2) 45.0(2) 39.7(2) 26.6(2) 42.0(4) 35.2(4) 37.8(4) 22.8(4)

The same isomer shifts for the corresponding components in the shell and in the core were supposed, and a
random canting of the shell spins, which averages to zero quadrupolar shifts in the shell. IS – isomer shift,
QS – quadrupole splitting, Bhf – hyperfine magnetic field

Median of the equivalent diameter of particles and the thickness of silica coating (if
present) are summarised together with XRPD results in Table 1. The median of the equiv-
alent diameter and the mean coherent diffraction domain size of the samples are in a
quantitative agreement.

The hysteresis loops of the samples are depicted in Fig. 3. The coercive field of 2 T
was confirmed for all samples, and the presence of less than 1 % of ferrimagnetic γ -Fe2O3
impurities was estimated from the kink of magnetization at zero magnetic field . As apparent
from the Fig. 3, specific magnetization decreases with increasing thickness of silica coating.

The information on the hyperfine fields and orientations of the local magnetic moments
were derived from the Mössbauer spectra considering the core-shell model [19, 20] for
the ε-Fe2O3 nanoparticles, assuming an essentially collinear ordering of the moments in the
core and a random one in the shell. We supposed the same isomer shifts for the correspond-
ing components in the shell and in the core of ε-Fe2O3 and a random canting of the spins in
the shell, which averages to zero quadrupolar shifts in the shell. The results of isomer shift,
quadrupole splitting and hyperfine magnetic field on 57Fe nuclei are given in Table 2, a typ-
ical MS spectrum of ε-Fe2O3 with the decomposition to the contributions of both core and
shell for all non-equivalent cation sites is depicted in Fig. 4. The thickness of the shell layer
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Fig. 4 A representative Mössbauer spectrum of ε-Fe2O3 (ε-Fe2O3 0) acquired at room temperature (296 K)
in zero external magnetic field. The decomposition into fitted contributions of all non-equivalent cation
positions in both core and shell is given above the experimental spectrum. The difference spectrum (fit
subtracted from experimental values) is indicated below, the yellow area denotes the statistical limit for
deviations when the Poisson distribution is supposed

1.0(3) nm was estimated from the relative intensities of the shell components in Mössbauer
spectra considering the simplifying assumptions of the same Lamb-Mössbauer factors of
iron atoms in the core and the shell and constant thickness of the shell for all nanoparticles
in the sample. It was obtained by solving the following equation:

Ishell

Ishell + Icore

= V − Vcore(t)

V
, (4)

where Ishell and Icore are the relative intensities of the shell and core components,
respectively, t is the thickness of the shell,

V =
∫ ∞

0
P(d)

π

6
d3 dd and Vcore(t) =

∫ ∞

0
P(d)

π

6
(d − 2t)3 dd (5)

are the overall volume of the nanoparticles and the volume of only the core component,
respectively.

In comparison to the bare nanoparticles, nanoparticles in silica matrix displayed con-
vincingly lower hyperfine magnetic field in all Fe cation positions. Considering the fact that
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Fig. 5 Temperature dependence of magnetization of nanoparticles in the silica matrix and the bare ones
- ZFC and FC curves, normalized in relation to the magnetization at 150 K. A slightly steeper increase
in magnetization of particles in the matrix indicates influence of tensile stresses in the composite on the
magnetic transition

the hyperfine magnetic field on 57Fe nuclei in ε-Fe2O3 increases with increasing pressure
(J. Kohout et al., In-situ high pressure studies of ε-Fe2O3 nanopowder, to be published),
we presume that there are tensile stresses present in the composite. The stresses probably
stem from the tension produced during cooling of the composite as a result of different vol-
umetric thermal expansion coefficient of the particles and silica. This interpretation is in
agreement with slight changes of the lattice parameters and an increase of the elementary
cell volume deduced from XRPD.

The ZFC and FC curves of relative magnetization related to magnetization at 150 K for
nanoparticles in silica matrix and the bare ones are gathered in Fig. 5. A two-step magnetic
transition in the temperature range 100–153 K described in Kohout et al. [10] was confirmed
also for our samples, albeit with the first step in the range ∼85–110 K and the second at
∼110–150 K. The increase in magnetization of the nanoparticles in the silica matrix was
slightly steeper, indicating influence of tensile stresses in the composite on the magnetic
transition.

According to our data, there is no influence of subsequent silica coating on the hyper-
fine interactions in ε-Fe2O3 nanoparticles. This is probably not the case in Taboada et al.
[9], where the nanoparticles of ε-Fe2O3 with silica coating were prepared by annealing of
γ -Fe2O3 nanoparticles embedded in silica. We presume that tensile stresses must be present
in the composite synthesised this way. Our results also indicate that magnetic properties
of the nanoparticles remain unchanged when processed by subsequent coating with the
prospect of their biomedical application, e.g. as contrast agents in MRI or as mediators of
targeted cell and drug transport.

5 Summary

Systems of ε-Fe2O3 nanoparticles in silica matrix, bare and coated with amorphous silica
layer with various thicknesses were studied using XRPD, TEM, DC magnetic measure-
ments and MS. The samples of nanoparticles prepared by the described procedure consisted
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mainly of the ε-Fe2O3 with admixtures of about 1 % of α phase and less than 1 % of the γ

phase. The size of nanoparticles was ∼20 nm and the thickness of silica coating ∼5; 8; 12;
19 nm. The hysteresis loops at room temperature displayed coercivities of ∼2 T typical for
the magnetic order of ε-Fe2O3 above the spin reorientation transition at ∼150 K. The differ-
ences in lattice parameters and in hyperfine parameters of the Mössbauer spectra between
particles in the matrix and the bare ones are ascribed to the tensile stress produced during
cooling of the composite. The temperature dependence of the magnetization manifested a
two-step magnetic transition spread between ∼85 K and ∼150 K, which is modified by the
stress in the composite of nanoparticles in the silica matrix. The coating of the bare particles
by silica produced no further change in hyperfine parameters, which suggests that subse-
quent coating by silica does not influence magnetic properties of MNs intended for further
use in biomedicine.
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